Abstract: A narrow-bandwidth hydrogenated amorphous silicon (a-Si : H) photodetector with a basic structure of Al/n'-i-p'-i-n-i-p-i-n'/ITO/ glass has been investigated. The spectral response of this new photodetector was found to be affected by the absorption coefficient of a-Si : H material, surface recombination current, device layer thicknesses, and applied bias. The spectral response of this device reveals a measured minimum FWHM of 58 nm at zero volt bias. The peak wavelength in the visible spectrum can be shifted from 400 nm (purple) to 550 nm (green) by decreasing the bias voltage from 5 to 0 V. The optoelectronic characteristics of this photodetector fit theoretically using suitable quantitative estimates.
Introduction
Hydrogenated amorphous silicon ( a 4 : H) has been widely used in the fabrication of photosensitive devices, such as solar cells [l, 21, photoreceptors for electrophotography [3] , vidicons [4] , and integrated contact image sensors for facsimile or optical character recognition [SI. In 1986 , the first heterojunction Al/n+(a-Si : H)/n-i-p(a-Sic : H)/i-n * ( a 4 : H)/ITO phototransistor with high gain (-40) and high speed (-lops) was developed by C. Y. Chang et al. [6, 71. The spectral response of this device contains a voltagedependent peak wavelength of between 400 to 630nm (violet to red) with a typical FWHM (full width at half max.) of 200nm. In 1987 and 1988, a two-colour Al/n(a-Sic : H)/i-p(a-Si : H)/i-n(a-Sic : H)/ITO detector and a three-colour Al/n-i-i-p(a-Si : H heterojunction)/ i(a-Sic : H)/i(a-Si : H)/n(a-Sic : H)/ITO detector were developed sequentially by S. C. Lee et al. [8, 91 . The twocolour detector has good response ratios for 450 nm (purple) and 600 nm (orange) light. The three-colour detector, with a typical FWHM greater than 100 nm, has peak responses at 480nm (blue), 530nm (green), and 0 IEE, 1994 -2V, respectively, and therefore can be used to sense blue, green, and orange or red light. In 1991, a glass/ITO/ a-Si : H/Cr photodiode with a voltage-selectable spectral response was developed by Y.K. Fang er al. [lo] . This diode consists of two back-to-back Schottky junctions and has peak responses of 480 nm (blue), 530 nm (green), and 620 nm (orange) at 0.5, 1.5 , and -1.5 V applied biases, respectively. Although the spectral responses of the above-mentioned photosensitive devices depend on device structure as well as applied bias, these amorphous photodetectors have disadvantages, such as limited peakwavelength range of voltage-selectable spectral response, wide FWHM, and higher subpeak spectral response. In this paper, we propose to use a new homojunction aSi : H amorphous photodetector with a basic structure of Al/n'-i-p+-i-n-i-p-i-n+/ITO/glass. We have investigated photodetector characteristics, both experimentally and theoretically to reduce the FWHM. Compared with the Al/n+-i-p+-i-n+/ITO/glass a-Si : H phototransistor, which does not have a voltage-selectable spectral response [ll] , the additional thin n-i-p-i layers are included in the proposed photodetector to modify the shape of spectral response and enhance the spectral response in the middle-and short-wavelength ranges of visible spectrum. It is thought that the additional layers may modify the internal electric-field profile of the photosensitive device.
Device fabrication
We used ITO-coated Corning 7059 glass substrates which after cleaning were put into the chamber of ULVAC model CPD-1 lO8D plasma-enhanced chemical vapour deposition system. The reaction chamber was pumped down to 3.9 x torr and heat-cleaned by a substrate heater at 250°C for 90 min. sequentially. Then, the n+(d:), i(d4), p(d& i(d3). n(d,), i(d2), P '. i(d,) , and n + a-Si : H layers (with thicknesses as indicated in Fig. 1 and lower part of Table 1 for devices 1 and 2) were deposited in succession. The collector thickness of the proposed device, which is equal to d,
was kept around 300 nm to ensure nearly total absorption of incident light [ll]. The n' (or n) layers were This work was supported by National Science Council, Republic of China, under contract NSC 78-0417-E008-02 where A4f the total barrier lowering due to accumulated carriers at low VcE bias. The collector photocurrent, which is equal to the sum of the electron current and the negligible hole current, can be approximated by lz2 or Itl2 described in eqn. lb or Id. The corresponding collector dark current lz2 or I:, can be obtained by putting
By analogy of the analysis for a single bulk-barrier phototransistor [12] , the principle of detailed balance for holes can be used to obtain A4,. The generated hole flux UJ, which recombines at a negligible rate of I,c in the d, and d4 regions and at a rate of surface recombination current I,, at ITO-n+ collector interface, is balanced by the hole current I,, injected into the emitter, and the hole recombination current I, ! owing to traps in the two ptype regions. By neglecting recombination currents in all regions except I,, , the rate equation can be expressed as [12, 13] where I,, = (C/7eff)eA91/nkT in which C is the proportionality constant and 7efI is the effective hole lifetime Using the parameters tabulated in Table 1 various incident He-Ne laser powers. The surface recombination currents for devices 1 and 2 are very similar except that the device 1 shows a much higher surface recombination current due to its thicker d, layer, The surface recombination current increases with the incident light power and decreases rapidly to a saturation value as the applied V,, bias goes beyond 7 V for device 1 or 3 V for device 2. Figs. 4a and 46 show the calculated total barrier lowering A4, against bias voltage V, , for devices 1 and 2 under various incident He-Ne laser powers. The calculation of the total barrier lowering A4, was based on eqns. 3a and 3b. The total barrier lowering is very small when the applied Vc-bias is smaller than 3 V. It is ascribed to the larger surface recombination current when V,, < 3 V. As the applied Vc, bias gradually increases beyond 3 V, the total barrier lowering increases very rapidly to a high plateau and then starts to decrease when the applied V,, bias is beyond a certain voltage.
When VcE > 23 V for device 1 or > 14 V for device 2 under P , = 4 1 p W , the decrease of the total barrier lowering is caused by the increase of hole current injected into the emitter at high bias voltage. various incident laser powers can be obtained by using eqn. lb, and assuming its diode ideality factor n = 1. Fig.  6 gives Ar# against incident laser power P, at 24°C for devices 1 and 2. From the slopes of the straight lines indicated in Fig. 6 and by using eqn. 3a, the diode ideality factor n obtained is 1.01 for 2 and is 1.11 for 1 [14] . These factors are close to the assumed n = 1 in eqn. lb. The slight deviations of the factor from the ideal n( = 1)
could be due to the influence of surface recombination current ISR. (ISR was assumed to be negligible in the calculation of the obtained diode ideality factor.) Device 2 has a barrier lowering slightly less than the corresponding straight-line value in the lower range of the incident laser power. This is ascribed to the prominent recom-bination current I, in its two p-type regions. The similar phenomenon observed in the higher range of incident laser power is primarily due to the saturation of collector photocurrent at high incident laser power. The spectral response of this proposed device could be attributed to the combined effect of the surface recombination current I,,, the applied VcE bias, the absorption coefficient a of the a-Si : H, and the device layer thicknesses. The absorption coefficient a of the fabricated a-Si : H film increases with increasing incident photon energy [14] . Fig. 7 describes the calculated surface 154 recombination current I,, against incident photon wavelength for device 1 with applied VcE bias as a parameter.
8
' '400 500 600 700 wavelength, nm . Increasing Pin) causes a slight red shift of spectral response at the same VCE bias. As indicated by the experimental results, when the applied V,, voltage increases from 0 to 5 V, the peak wavelength shifts from 550 nm (green) at 0 V, to 540 nm (green) at 1 V, to 490 nm (blue) at 3 V, and then towards the short-wavelength detectable limit of the measurement setup (-400 nm) at 5 V. The FWHM U 58 nm at VCE = 0 V, U 100 nm at V,, = 1 V, and e 160 nm at V,, = 3 V as indicated also in Fig. 9 . As The relative spectral responses of the devices were calculated at low V, , bias by using parameters given in Table 1 of an Al/p-i-n (a-Si : H)/ITO/glass diode. The glass side of the diode is illuminated with monochromatic light. The thicknesses of the n-, i, and p-layers of this p-i-n diode were 20, 300, and 20 nm, respectively. The reflection coefficient R of the illuminated surface is approximtely equal to 0.2 for wavelength ranging from 400 to 700 nm. The photocurrent was calculated from eqns. Id and 3b. The calculated relative spectral responses, although not fitting well, are quite in accordance with the experimental results. A more detailed model could be needed. Furthermore, from a comparison of experimental and calculated results for device 2 which has different layer thicknesses, it was seen that the elementary model described could explain the essential features of the experimentally observed spectral responses. Fig. 9 shows a more detailed illustration of the wavelength selectivity for device 1 at low applied V,, bias. Both experimental data and the calculated results based on eqns. Id and 36 are shown in the Figure. The experimental data reveal the peak wavelength shifts from 550 to 400 nm when the bias voltage increases from 0 to 5 V. However, the calculated results indicate a shift from 560 to 510 nm. The corresponding FWHM increases from 58 to 160 nm for the experimental data and increases from 50 to 130 nm for the calculated results. As the applied VCE bias increases to a value slightly greater than 3 V, where the approach of high V, , bias (eqns. lb and 3a) is still unsuitable, the deviations of these two results being primarily due to the applicability of eqns. Id and 3b is questionable in this voltage range. From the experimental results of other devices having layer thicknesses close those of device 1, we also found similar characteristics of wavelength selectivity. This reveals the reproducibility of the proposed device.
Conclusion
A new narrow-bandwidth a-Si : H photodetector has been demonstrated. Table 2 gives comparisons of experimental results for this device and those amorphous photodetectors reported to have voltage-selectable peak wavelength. The advantages of this photodetector include the fact that the peak wavelength can be adjusted by varying the unipolar applied bias, the lack of evident subpeak in the spectral responses, and a minimum FWHM of 58 nm at V,, = 0 V. 6 
